We report Submillimeter Array dust continuum and molecular spectral line observations toward the Orion Bar photon-dominated region (PDR). The 1.2 mm continuum map reveals, for the first time, a total of 9 compact (r < 0.01 pc) dust condensations located within a distance of ∼0.03 pc from the dissociation front of the PDR. Part of the dust condensations are seen in spectral line emissions of CS (5-4) and H 2 CS (7 1,7 -6 1,6 ), though the CS map also reveals dense gas further away from the dissociation front. We detect compact emissions in H 2 CS (6 0,6 -5 0,5 ), (6 2,4 -5 2,3 ) and C 34 S, C 33 S (4-3) toward bright dust condensations. The line ratio of H 2 CS (6 0,6 -5 0,5 )/(6 2,4 -5 2,3 ) suggests a temperature of 73 ± 58 K. A non-thermal velocity dispersion of ∼0.25-0.50 km s −1 is derived from the high spectral resolution C 34 S data, and indicates a subsonic to transonic turbulence in the condensations. The masses of the condensations are estimated from the dust emission, and range from 0.03 to 0.3 M ⊙ , all significantly lower than any critical mass that is required for self-gravity to play a crucial role. Thus the condensations are not gravitationally bound, and could not collapse to form stars. In cooperating with recent high resolution observations of the surface layers of the molecular cloud in the Bar, we speculate that the condensations are produced as a high-pressure wave induced by the expansion of the HII region compresses and enters the cloud. A velocity gradient along a direction perpendicular to the major axis of the Bar is seen in H 2 CS (7 1,7 -6 1,6 ), and is consistent with the scenario that the molecular gas behind the dissociation front is being compressed.
INTRODUCTION
Young massive OB stars produce strong ultraviolet radiation that significantly influences the structure, chemistry, thermal balance, and dynamical evolution of the nearby interstellar medium (Hollenbach & Tielens 1997) . Their extreme-ultraviolet (EUV) photons ionize the surrounding gas and form HII regions. Photon-dominated or photodissociated regions (PDRs) start at the HII region/neutral cloud boundary where the EUV radiation vanishes and the far-ultraviolet (FUV) radiation becomes dominant, dissociating H 2 and ionizing heavier elements. The gas inside the PDR transits from atomic to molecular as the FUV flux decreases due to dust extinction and H 2 absorption (e.g., Goicoechea et al. 2016) . PDRs exist in many astrophysical environments and span a board range of spatial scales, from the nuclei of starburst galaxies (e.g., Fuente et al. 2008) to the illuminated surfaces of protoplanetary disks (e.g., Agúndez et al. 2008) . The study of PDRs could also help to understand the impact from massive young stars on subsequent star formation in nearby molecular clouds.
The Orion Bar is probably the best studied PDR in our Galaxy. It is located between the Orion Molecular Cloud 1 and the HII region excited by the Trapezium cluster, and is exposed to a FUV field a few 10 4 times the mean interstellar radiation field. Owing to its proximity (417 pc, Menten et al. 2007 ) and nearly edge-on orientation, the Bar provides an ideal laboratory for testing PDR models (e.g., Jansen et al. 1995; Gorti & Hollenbach 2002; Andree-Labsch et al. 2017 ) and a primary target for observational studies of physical and chemical structures of PDRs (e.g., Tielens et al. 1993; Walmsley et al. 2000; van der Wiel et al. 2009; Arab et al. 2012; Peng et al. 2012; Goicoechea et al. 2016; Nagy et al. 2017) . Observations of various molecular spectral lines have shown that the emissions could be better interpreted with an inhomogeneous density structure containing an extended and relatively low density (n H ∼ 10 4 -10 5 cm −3 ) medium and a compact and high density (n H ∼ 10 5 -10 6 cm −3 ) component (e.g., Hogerheijde et al. 1995; Young Owl et al. 2000 ; Leurini et al. 2006 Leurini et al. , 2010 Goicoechea et al. 2016 ). However, due to the scarce of high resolution observations capable of spatially resolving the density structure, the nature of the high density clumps or condensations is still not well understood. Lis & Schilke (2003) 
mapped the Bar in H
13 CN (1-0) with the Plateau de Bure Interferometer (PdBI) at an angular resolution of about 5 ′′ , and detected 10 dense clumps. They proposed that the H 13 CN clumps are in virial equilibrium and may be collapsing to form stars. Goicoechea et al. (2016) performed Atacama Large Millimeter/submillimeter Array (ALMA) HCO + (4-3) observations of the Bar and detected over-dense substructures close to the cloud edge, and found that the substructures have masses much lower than the mass needed to make them gravitationally unstable. These two interferometric observations both target molecular spectral lines. A high resolution map of the dust continuum emission of the Bar, which is highly desirable in constraining the mass and density of the dense condensations, is still lacking. Here we report our Submillimeter Array (SMA) observations of the dust continuum and molecular spectral line observations of the Bar.
OBSERVATIONS
The SMA 1 observations were carried out in 2009 and 2012. The observations in 2009 were taken on January 14th, January 30th, and February 3rd, with 5, 7, and 7 antennas, respectively, in the Sub-compact configuration. The weather conditions were good, with the zenith atmospheric opacity at 225 GHz, τ 225GHz , in the range of 0.05 to 0.15. We observed two fields, one in the northeast (NE) centered at (R.A., decl.) J2000 = (5 h 35 m 25. s 2, −5
• 24 ′ 34. ′′ 6) and the other in the southwest (SW) centered at (R.A., decl.) J2000 = (5 h 35 m 22. s 1, −5
• 25 ′ 13. ′′ 4), and used Titan for flux calibration, Uranus and 3C454.3 for bandpass calibration, and J0423-013, J0607-085 for time dependent gain calibration. The 230 GHz receivers were tuned to cover rest frequencies of 234.76 -236.76 GHz in the lower sideband (LSB) and 244.76 -246.76 GHz in the upper sideband (USB). Signals from each sideband were processed by correlators consisting of 24 chunks with each chunk having a bandwidth of 104 MHz divided into 256 channels, resulting in a uniform spectral resolution of 406.25 kHz (∼0.5 km s −1 ). With this setup we could simultaneously observe the 1.2 mm continuum and molecular spectral lines of CS (5-4) and H 2 CS (7 1,6 -6 1,6 ). Motived by the detection of dust continuum and spectral line emissions with the 2009 observations, we performed additional observations in 2012 to further constrain the physical conditions of the dense gas in the Bar. The observations were performed on 2012 January 1st with 7 antennas in the Compact configuration. The weather was good, with τ 225GHz varying from 0.07 to 0.18. We observed Callisto for flux calibration, 3C279 for bandpass calibration, and J0423-013, J0607-085 for time dependent gain calibration. By the time of our 2012 observations, the SMA correlators had been upgraded to be able to process signals across a bandwidth of 4 GHz divided into 48 chunks in each sideband. The 230 GHz receivers were then tuned to cover 192. GHz in the USB, and the correlators were configured to provide a spectral resolution of 812.5 kHz (∼1.2 km s −1 ) across all the chunks expect chunk 42, which covered C 34 S (4-3) and was set to provide a high spectral resolution of 203.125 kHz (∼0.3 km s −1 ). This setup also covered spectral lines of CS (4-3), C 33 S (4-3), and H 2 CS (6 0,6 -5 0,5 ), (6 2,4 -5 2,3 ). The raw data were calibrated using the IDL MIR package 2 and the calibrated visibilities were exported to MIRIAD for further processing. The visibilities were separated into continuum and spectral line data before imaging. 
Dust Continuum Emission
Figure 1(a) shows a Spitzer IRAC color-composite image of a ∼ 4 ′ × 4 ′ region covering the Kleinmann-Low (KL) nebula, Trapezium cluster, and Orion Bar from northwest to southeast. The Bar stands out by virtue of its bright 5.8 µm emission, which is most likely FUV excited polycyclic aromatic hydrocarbon (PAH) emission and delineates an atomic layer (Goicoechea et al. 2016) . In Figure 1(b) , the SMA 1.2 mm continuum observations reveal dust emission immediately behind the PAH ridge of the Bar, providing unambiguous evidence for the existence of dense and clumpy molecular gas shielded from FUV emission.
We identify the dust condensations and measure their fluxes, positions, and sizes from the dust continuum map with a two-step process. First we decompose the continuum map into individual sources with a "dendrogram" analysis (e.g., Goodman et al. 2009 ) and a 2D CLUMPFIND algorithm (Williams et al. 1994) ; we find that the results from the two analyses are in general consistent with each other. Second, we perform a multi-component 2D Gaussian fitting on the continuum map using the MIRIAD task IMFIT, with the sources identified by both the dendrogram and CLUMPFIND analyses as the initial estimates. Figure 2 shows a comparison between the observed continuum map, the Gaussian fitting results, and the residual map obtained by subtracting the fitted Gaussian components from the observed map. We measure an RMS noise level of 3.2 mJy beam −1 from the residual map, which is fairly close to the RMS noise level of the observed map. We identify a total of 9 condensations with peak fluxes at least 7 times the RMS noise level of the observations. These condensations are denoted as SMA1 to SMA9 in a decreasing order of the peak flux in Figure 2 (a). SMA2 is a foreground pre-main sequence star with a protoplanetary disk (Mann & Williams 2010) , and will be excluded from the following analyses.
With the measured flux of each condensation and assuming that the dust emission at 1.2 mm is optically thin, we estimate the dust mass, M dust , according to
where F ν is the dust emission flux, D is the distance (417 pc), B v (T dust ) is the Planck function at dust temperature T dust , which is adopted to be 73 K (Section 3.2) by assuming thermal equilibrium between gas and dust and that all the condensations have the same temperature, and κ ν is the dust opacity adopted to be 1.0 cm 2 g −1 following Ossenkopf & Henning (1994) for dust grains with ice mantles in regions of gas densities of order 10 6 -10 8 cm −3 . The dust mass is converted to gas mass, M g , with a gas-to-dust mass ratio of 100, and the volume density of H 2 is computed with the gas mass and the measured size. We list the measured and computed parameters of each condensation in Table 1 .
Molecular Spectral Line Emissions
With the two frequency setups we detect spectral line emissions in CS (5-4), (4-3), C 34 S (4-3), C 33 S (4-3), H 2 CS (7 1,6 -6 1,6 ), (6 0,6 -5 0,5 ), (6 2,4 -5 2,3 ), and SO (5 4 -4 3 ). Among these lines, maps of CS (5-4), (4-3), H 2 CS (7 1,6 -6 1,6 ), and SO (5 4 -4 3 ) reveal the distribution of dense molecular gas and complement the dust continuum map. Optically thinner lines of C 34 S and C 33 S (4-3) are used to estimate the velocity dispersion of the compact structures. The H 2 CS (6 0,6 -5 0,5 ) and (6 2,4 -5 2,3 ) lines help to constrain the dense gas temperature.
3.2.1. CS (5-4), H2CS (71, 6) , and SO (54-43) emissions Figure 3 shows velocity integrated emissions in CS (5-4), H 2 CS (7 1,6 -6 1,6 ), and SO (5 4 -4 3 ), and Figures 4-6 show velocity channel maps of the lines. The CS (5-4) map in Figure 3 (a) reveals dense molecular gas around dust condensations SMA1, SMA3, SMA5, and SMA7 in the NE field and SMA6 and SMA8 in the SW field. The CS (5-4) emission also probes additional structures not detected or very faint in the dust continuum map; such structures are further away from the dissociation front of the Bar, and are seen as a clump to the southeast of SMA9 in Figure 3 (a) and as clumpy and elongated structures in velocity channels of 8.0-9.0 km s −1 in Figure 4 . The CS (4-3) map shows gas structures similar to those seen in the CS (5-4) map, but has a lower sensitivity and image quality, and thus is not shown here. In Figure 3(b) , prominent H 2 CS (7 1,6 -6 1,6 ) emission is only detected in the NE field, and traces dense gas around SMA1, SMA3, SMA5, and SMA7. A velocity gradient in an orientation perpendicular to the axis of the Bar is seen in the velocity channel map of this line ( Figure 5 ). In general, the brightest emissions in CS (5-4) and H 2 CS (7 1,6 -6 1,6 ) are roughly consistent with the dust continuum emission. However, both Figure 3 (c) and Figure 6 show that the SO (5 4 -4 3 ) emission traces dense gas structures very different from those seen in the CS and H 2 CS emissions. Except a compact structure associated with SMA1 and faint emission associated with SMA8, the SO emission reveals structures not seen in the dust continuum; the emission is dominated by clumpy and elongated structures lying behind the dust condensations in the SW field.
3.2.2. H2CS (60, 5) and (62,4-52,3) emissions H 2 CS is a slightly asymmetric rotor, a heavier analogue to H 2 CO (Chandra et al. 2010) . So one can measure the gas temperature by comparing the intensities of two K-components from the same ∆J = 1 transition of the same symmetry species (Mangum & Wootten 1993) . With this motivation we observed H 2 CS (6 0,6 -5 0,5 ) and (6 2,4 -5 2,3 ) lines. We detect H 2 CS (6 0,6 -5 0,5 ) or (6 2,4 -5 2,3 ) emission only toward the NE field. Figure 7 shows velocity integrated emissions of the two lines. Weak emissions are seen around SMA1 and SMA3: the 6 0,6 -5 0,5 map shows a peak S/N ratio of 6 and the 6 2,4 -5 2,3 map has a peak S/N ratio of 4. H 2 CS (6 0,6 -5 0,5 ) and (6 2,4 -5 2,3 ) have upper energy levels above the ground of 35 K and 87 K, respectively, thus their flux ratio is sensitive to gas temperatures from a few 10 to more than 100 K, suitable for a temperature diagnostic of dense molecular gas in the Bar. We estimate the gas kinematic temperature from the flux ratio toward the peak position of the 6 0,6 -5 0,5 emission, assuming local thermodynamical equilibrium (LTE) and optically thin emissions for both lines, and obtain a temperature of 73 ± 58 K. This represents an average temperature for gas around SMA1 and SMA3. The large uncertainty of the temperature determination is due to relatively low S/N ratios of the detections. We observed C 34 S (4-3) with a higher spectral resolution (0.3 km s −1 ) to measure the line width toward the dust condensations. The simultaneously observed C 33 S (4-3) can be used to constrain the optical depth of the C 34 S emission and improve the accuracy of the line width measurement. Emissions around dust condensations in these two lines are only detected in the NE field. Figure 8 shows velocity integrated emissions. Both lines are detected and reveal clumpy structures around SMA1, SMA3, and SMA7. We measure the line widths by performing Gaussian fittings to the C 34 S spectra. Figure 9 shows the C 34 S spectra extracted from the positions of SMA1, SMA3, and SMA7, overlaid with Gaussian fittings. A spectral line could be broadened by the optical depth. Assuming that C 34 S and C 33 S (4-3) have the same excitation temperature, the line ratio is a function of the optical depth and is given by
where F ν is the peak flux, τ C 34 S is the C 34 S optical depth at the line center, and χ is the abundance ratio of C 34 S to C 33 S and is about 4.9 according to the measured abundance ratio of 34 S to 33 S in the Orion KL region (Persson et al. 2007) . After smoothing the C 34 S spectra to a spectral resolution of 1.2 km s −1 , the same as the C 33 S spectra, we derive optical depths of 2.29 ± 0.24, 2.86 ± 0.27, and 0.70 ± 0.29 toward SMA1, SMA3, and SMA7, respectively, for the C 34 S lines. The intrinsic line width, ∆V int , is then deduced following Beltrán et al. (2005) :
where ∆V obs is the line width derived from Gaussian fittings (see Table 1 ). Consequently, the non-thermal velocity dispersion, σ nth , can be calculated from σ nth = ∆V 2 int /8ln2 − σ 2 th , where σ th = 0.12 km s −1 is the thermal velocity dispersion at 73 K. We find that σ nth ranges from 0.24 to 0.50 km s −1 (Table 1) , and is smaller than or at most comparable with the speed of sound, c s , which is 0.51 km s −1 at 73 K.
4. DISCUSSION 4.1. Dense molecular gas revealed by the dust continuum and molecular spectral line emissions
We detect clumpy and dense gas structures in both dust continuum and molecular spectral line observations of the Orion Bar. By comparing with the IRAC image, we find that the dust condensations lying from immediately behind the dissociation front to an extension of ∼ 15 ′′ (0.03 pc) toward the interior of the molecular cloud behind the Bar. Among the detected spectral lines, C 34 S, C 33 S (4-3) and H 2 CS (6 0,6 -5 0,5 ), (6 2,4 -5 2,3 ) show unresolved and faint emissions toward the brightest dust condensations. The other spectral lines reveal a larger extent of dense gas and could complement the dust continuum map. Most CS (5-4) clumps and all the H 2 CS (7 1,7 -6 1,6 ) clumps appear to be associated with the dust emission. The CS emission also reveals gas structures further away from the dissociation front. We then compare previous PdBI H 13 CN (1-0) observations with our spectral line maps for a more comprehensive overview of the distribution of dense molecular gas. In Figure 3 (a), all the H 13 CN clumps seem to be associated with the CS emission. Such an association is much clearer in Figure 4 , where a CS counterpart of every H 13 CN clump can be identified in some certain velocity channels. The SO (5 4 -4 3 ) map, however, has a distinctive behavior; the emission in this line is dominated by structures devoid of dust emission and undetected in any other line.
Therefore, while the dust emission reveals a majority of the dense gas structures within a distance of ∼0.03 pc from the dissociation front, some molecular spectral lines such as CS, H 13 CN, and SO lines could trace additional structures deeper into the cold molecular cloud. In addition to the variation of physical conditions as a function of distance from the dissociation front, chemistry should also play a role in producing the difference in the distribution of various spectral line emissions. We refrain from discussing chemical stratification in the distribution of molecular gas in the Bar, since it is out of the scope of this work. Here we focus on the dust condensations, which are characteristic of dense gas structures immediately behind the dissociation front, and their masses could be estimated based on the dust emission.
On the nature of the detected dust condensations
We identify a total of 9 condensations from the 1.2 mm continuum map. Except one condensation (SMA2) associated with a protoplanetary disk and regarded as a foreground source, all the other condensations are dense gas structures in the Bar. The masses of the condensations are estimated to be ∼0.03 -0.3 M ⊙ , a few times lower than the virial masses of the H 13 CN clumps (Lis & Schilke 2003) and one to two orders of magnitude greater than that of the HCO + substructures (Goicoechea et al. 2016) . Are these condensations gravitationally bound? Would they collapse to form stars? How were they formed? To address these questions, we first calculate the Jeans mass, M J , of the condensations following
where λ J = πc 2 s /Gρ is the Jeans length, and ρ is the mass density. By comparing M J with M g listed in Table 1 , it is immediately clear that all the detected condensations have masses more than an order of magnitude lower than M J . For three condensations, SMA1, SMA3, and SMA7, with the measured line widths we can calculate the virial mass, M vir , following
where R is taken as half of the geometric mean of the deconvolved major and minor axes of the condensation (Table  1) , and σ tot = σ 2 nth + c 2 s is the total velocity dispersion. From Table 1 , the calculated virial mass is close to the Jean mass, and significantly greater than the gas mass of the condensations. The condensations in the Bar are believed to be surrounded by a less dense medium and the external pressure may play a role in the dynamical evolution of the condensations. We then estimate the Bonnor-Ebert mass, M BE , given by 1.182c 3 s / √ G 3 P 0 , where P 0 is the external pressure (MaKee & Ostriker 2007) . The density of the surrounding medium is suggested to be 10 4 -10 5 cm −3 Young Owl et al. 2000; Goicoechea et al. 2016) , resulting in M BE ∼ 22 -7.1 M ⊙ , which is again orders of magnitude greater than M g . All these calculations indicate that the detected dust condensations have masses significantly lower than that is required for making them gravitationally bound or for self-gravity to play a crucial role in their dynamical evolution. Thus it seems unlikely that the dust condensations could collapse to form stars in the future. The dust condensations could not arise from a thermal Jeans fragmentation process. If that is the case, with a density of 10 4 -10 5 cm −3 for the surrounding medium, one may expect the mass of the condensations on the order of 20-50 M ⊙ (the Jeans mass at 10 5 -10 4 cm −3 ) and the nearest separations between the condensations around 0.2-0.5 pc (the Jeans length at 10 5 -10 4 cm −3 ); both are clearly inconsistent with the observations. Alternatively, small dense structures can be temporary density fluctuations frequently created and destroyed by supersonic turbulence (e.g., Elmegreen 1999; Biskamp 2003; Falgarone & Passot 2003) . However, σ nth is found to be subsonic or at most transonic. Goicoechea et al. (2016) also found that there is only a gentle level of turbulence in the Bar. So the turbulence dose not seem to be strong enough to produce the condensations. Another force that could potentially compress the cloud and produce high density structures is a high pressure wave from the expansion of the HII region. Goicoechea et al. (2016) detected a fragmented ridge of high density substructures at the molecular cloud surface and three periodic emission maxima in HCO + (4-3) from the cloud edge to the interior of the Bar, providing evidence that a high pressure wave has compressed the cloud surface and moved into the cloud to a distance of ∼15 ′′ from the dissociation front. The dust condensations are also located within a distance of 15 ′′ from the dissociation front, and thus are very likely over-dense structures created as the compressive wave passed by. The complex clumpy appearance of the condensations is probably related to the front instability of the compressive wave (Goicoechea et al. 2016) , or an instability developed across different layers of the Bar (e.g., the thin-shell instability, García-Segura & Franco 1996) . The velocity structure of dense gas around the dust condensations may provide insights into the feasibly of this scenario. Figure 10 shows the intensity-weighted velocity map of the H 2 CS (7 1,7 -6 1,6 ) emission. A velocity gradient in a northwest-southeast direction (i.e., along the direction of the propagation of the compressive wave) is seen in the map, and is consistent with the scenario that the gas is being compressed by a high pressure wave.
Uncertainty of the mass estimate
We estimate the masses of the condensations based on the dust emission. The uncertainty of this estimate mainly depends on the accuracy in determining the dust opacity and temperature. We adopted a dust opacity of 1 cm 2 g −1 (at 249 GHz), which is equivalent to adopting a dust opacity index, β, of 1.5 according to κ ν = 10(ν/1.2THz) β (Hildebrand 1983) . It agrees well with the value measured by Arab et al. (2012) , who obtained β = 1.62 ± 0.13 toward the dust emission peak inside the Bar based on Herschel 70 to 500 µm observations. This renders support for the appropriateness of our adopted dust opacity. Hence we expect that the largest uncertainty in the mass estimate is ascribed to the dust temperature determination.
With the newly detected H 2 CS lines, we measured a gas temperature of 73 ± 58 K. There have been a number of molecular spectral line observations providing constraints on the temperature of dense gas in the Bar (e.g., Hogerheijde et al. 1995; Batrla & Wilson 2003; Goicoechea et al. 2011 Goicoechea et al. , 2016 Nagy et al. 2017 ). These studies suggest a gas temperature of 100 K; it appears that our derived value of 73 K lies at the lower end of the range. However, the dust temperature could be lower than the gas temperature. Goicoechea et al. (2016) illustrate that for the gas behind the dissociation front in a PDR such as the Orion Bar, the gas temperature decreases from 500 K to 100 K while the dust temperature varies from 75 to 50 K. Indeed, Arab et al. (2012) measured a dust temperature of 49 K toward the dust emission peak inside the Bar based on Herschel observations. Considering that the dust condensations detected in our SMA map are located close to the dissociation front, a value of 50 K may represent a lower limit for the dust temperature of the condensations. For T dust ∼ 50 K, M g in Table 1 would be increased by about 50% and M J would be decreased by about 50%. But M J and M vir would be still clearly greater than M g , indicating that the condensations are anyway gravitationally unbound. In the less likely case that T dust > 73 K, M J becomes greater and M g gets lower, and all the discussions remain unchanged.
SUMMARY
We have performed SMA dust continuum and molecular spectral line observations toward the Orion Bar. The 1.2 mm continuum map reveals, for the first time, dust condensations in the Bar at arc second resolutions. These condensations are distributed immediately behind the dissociation front. They have an average temperature of about 73 K, and exhibit subsonic to transonic turbulence. The masses of the condensations span a range of ∼0.03-0.3 M ⊙ , which are all too low to enable self-gravity to play a crucial role. Thus the condensations do not seem to be able to collapse and form stars. The formation of these condensations is mostly likely induced by a compressive wave originating from the expansion of the HII region. Note-Entries in col. (2-6) are parameters derived from 2D Gaussian fittings. The number density given in col. (8) is calculated as nH 2 = 3Mg/(µH 2 mH4πR 3 ), where R is half of the geometric mean of the deconvolved major and minor axes, mH is the proton mass, and µH 2 = 2.8 is the mean molecular weight of H2 (Kauffmann et al. 2008) . The line width given in col. (10) has been corrected for a spectral resolution of 0.3 km s −1 .
